coexist in patients with dual chamber pacemakers since ventricular depolarisation begins from an abnormal focus and is delayed and the PR interval can be altered by programming the pacemaker. Since the relative timing of atrial and ventricular contraction can be altered simply by reprogramming the pacemaker these patients offer a unique opportunity to study the effect of these events on mitral valve movements and left ventricular filling time.
This study was designed to examine noninvasively the relations between electrical and mechanical events in patients with VDD pacemakers over a wide range of atrioventricular intervals. The movements of the mitral valve and hence left ventricular filling time were detected by M mode echocardiography as was aortic valve opening which times the onset of left ventricular ejection. The onset of mechanical systole was detected by the upstroke of an apex cardiogram and electrocardiogram. A group of normal controls was studied. Finally patients with left bundle branch block were also studied to examine the possible effects of conduction disturbance of a type similar to that seen in right ventricular pacing.
This information is of theoretical interest because of the insight that it gives into the mechanisms underlying mitral valve motion and particularly mitral valve closure. It is also of considerable practical importance. Patients with myocardial impairment who receive dual chamber pacemakers supposedly benefit from the improvement in left ventricular diastolic function produced by coordinating atrial and ventricular contraction. This study attempts to establish the atrioventricular intervals that provide the longest left ventricular filling time and thus should maximise the clinical benefits of this type of pacing.
Patients and methods
We studied 51 patients who had been informed about the nature of the study and had consented to take part in it. These patients were divided into three groups:
Control group-There were 21 controls (12 men, 9 women; age range 24-57 years). Cardiac disease was excluded in these subjects by a normal history, physical examination, electrocardiogram, and chest x ray.
Left bundle branch block-There were 11 patients (seven men, four women; age range 39-70 years). They had normal PR intervals but left bundle branch block in association with the following diseases: hypertension (2), hypertrophic cardiomyopathy (3), congestive cardiomyopathy (3), ischaemic heart disease (1) and aortic valve replacement (2) . This group was included so that we could investigate the effects of abnormal ventricular depolarisation of a type similar to that occurring in patients with right ventricular pacing.
Pacemaker group-There were 19 patients (11 men and eight women, age range 21-75 years) in this group. All showed the electrocardiographic pattern of left bundle branch block due to right ventricular stimulation by a dual chamber pacemaker. The pacemakers, all programmed in VDD mode, had been implanted for complete heart block (17 patients) or second degree heart block (2 patients) 3-18 months before the study. Ten of these patients had presented with symptoms of left ventricular failure (New York Heart Association grade II-III); three had ischaemic heart disease, and two had undergone aortic valve replacement. In the other nine patients without symptoms of left ventricular von Bibra, Wirtzfeld, Hall, Ulm, Blomer failure the aetiology of the heart block was not clear apart from one patient with congenital heart block and another with a history of myocarditis. All patients were studied with their VDD pacemakers programmed for the following atrioventricular intervals: 50, 150, and 250 ms. The protocol began with an atrioventricular interval of 150 ms, and this was followed by the two other intervals in random sequence. All measurements were made on beats in which ventricular pacing was triggered by a P wave after the programmed delay.
INVESTIGATIONS
Echocardiograms to detect mitral and aortic valve movements were obtained from all patients by means of a Hewlett Packard 77020 A ultrasound system with a 3-5 MHz transducer. M mode echocardiograms were recorded both at the level of the aortic valve and the mitral valve at a paper speed of 100 mm/s. Electrocardiograms were recorded simultaneously in all patients. A simultaneous apex cardiogram was recorded in 10 randomly selected patients in each group. The apex cardiogram was recorded because the onset of its upstroke coincides with the onset of left ventricular pressure rise.7 Thus mitral valve movements and electrocardiographic events could be related to the onset of mechanical systole in these subgroups. Each observation was the mean value of measurements taken from 10 consecutive cardiac cycles.
The following time intervals were measured from the preceding electrocardiographic pacemaker spike or Q wave as appropriate: (a) the onset increased (Fig. 3 ). This is shown in an original recording from a patient with a low heart rate ( Fig.  4) and at a faster heart rate even more pronounced changes were found (Fig. 5 ). As the atrioventricular interval was increased so the scatter of the individual values increased. This is shown by the rising standard deviation in Fig. 3 .
In contrast, alterations in the atrioventricular interval had no effect on the timing of the upstroke AV= 5Oms A of the apex cardiogram (mechanical systole), aortic valve opening (the onset of left ventricular ejection) ( Fig. 3 ), or mitral valve opening (the onset of diastole) (Fig. 6 ).
Left ventricular filling time Figure 6 shows the sequence length and the duration of left ventricular filling time. Mean cycle length was non-significantly different in controls, patients with left bundle branch block, and patients with pacemakers set with an atrioventricular interval of 50 ms. With increasing atrioventricular delay there was a small but significant decrease in cycle length (Fig. 6) .
In the pacemaker patients left ventricular filling time significantly decreased with increasing atrioventricular intervals. It was 441 (94) ms at the atrioventricular interval of 50 ms, 372 (104) ms (p < 0 03) when the interval was 150 ms, and 304 (103) ms (p < 0-02 compared with a setting of 150 ms) when the interval was 250 ms. This reduction in left ventricular filling time was due to alterations in the timing of mitral valve closure since the timing of mitral valve opening was unchanged (Fig. 6) .
Normalised left ventricular filling time was 53 (6)% in control subjects, somewhat less in patients with left bundle branch block (48 (7)%, p <0-025), and did not differ from normal in pacemaker patients with an atrioventricular interval of 50 ms (50 (6)%). With increasing atrioventricular intervals there was a significant reduction to 45 (9)% (p <0007) when the atrioventricular delay was 150 ms, and to 38 (10)% (p<0-02 compared with an interval of 150 ms) when the atrioventricular delay was 250 ms; both these values were significantly less than normal (p < 0004 and p < 0 001). viduals was y=0-857x-292 (r=0-96). With longer atrioventricular intervals, however (Fig. 8) The study of patients with dual chamber pacemakers is of great interest. Firstly, these patients represent a unique physiological model in which the timing of cardiac events may be studied. The interval between the normal P wave and the ventricular pacing stimulus which it triggers when the pacemaker is in the VDD mode can be altered by reprogramming the pacemaker in the absence of any other physiological change. Therefore the effect of atrial and ventricular contraction on mitral valve closure and its relation to the onset of mechanical systole can be studied over a wide range of atrioventricular intervals. Secondly, study of these patients provides practical information about the atrioventricular interval that allows the longest diastolic filling period and thus the most efficient cardiac function.
Intraventricular conduction delay and the onset of systole The electromechanical delay, detected as the interval between the Q wave and the onset of the upstroke of the apex cardiogram, which coincides with the onset of left ventricular pressure rise,7 was about 50 ms. This accords with previous reports.13 In Despite the differences in the intervals between group.bmj.com on April 20, 2017 -Published by http://heart.bmj.com/ Downloaded from electrical and mechanical events in these three groups of patients (that is normal controls, patients with left bundle branch block, and patients with VDD pacemakers with an atrioventricular interval of 50 ms) the normal sequence of left ventricular pressure rise and mitral valve closure was maintained in all three groups. All three groups showed the same strong linear relation between the onset of systole and mitral valve closure. This clearly demonstrates the predominant effect of the onset of systole in closing the mitral valve and thus ending diastole in all three groups despite the increasing delay in the onset of systole due to impaired conduction in two of the groups.
The phases of the cardiac cycle are often defined with reference to the electrocardiogram with end diastole being taken as coinciding with the Q wave or pacing spike. By this definition the period of up to 127 ms after the pacing spike would be assigned to systole, despite the fact that the mitral valve is still open. In theory this period is long enough to permit all of rapid left ventricular filling14 15 although in practice it is more commonly used for left ventricular filling due to atrial contraction. Similarly such traditional definitions of end diastole may cause considerable inaccuracy in the assessment of end diastolic left ventricular dimension by echocardiographic or scintigraphic techniques since some or all of the atrial contribution to ventricular filling will be neglected because it occurs after the Q wave. To avoid these problems we regard end diastole as occurring at the moment when the mitral valve closes, and the onset of systole as the moment when left ventricular pressure begins to rise.
Effect of various atrioventricular intervals on the end of diastole Each increase in the atrioventricular interval by 100 ms in the VDD paced patients made the coaptation of the mitral leaflets in relation to the pacing spike occur 50 ms earlier. This cannot be due to the mitral valve being closed earlier by left ventricular contraction, since the timing of the onset of systole in relation to the pacing spike did not change. The most likely explanation is that this was the result of a change in the mechanism causing mitral valve closure as the atrioventricular delay was increased. When the delay is short, closure is effected by ventricular systole, and this mechanism accords with the strong linear relation between the timing of the two events and the delay of 50 ms. At longer atrioventricular intervals atrial contraction may become the most important determinant of mitral closure. This concept is supported by echocardiographic studies of mitral closure in patients with complete heart block`6 in whom wide variations in the interval between atrial and ventricular contraction can be studied. It is suggested that atrial contraction raises left ventricular pressure so that as atrial systole ends there is a reverse pressure gradient which closes the valve unless ventricular systole intervenes to close it first. Therefore the mechanism of closure will vary depending on the atrioventricular interval.
In sinus rhythm a PR interval of more than 200 ms is required before mitral valve closure precedes ventricular contraction (that is as a result of atrial contraction).'6 The situation is different in patients with ventricular pacing. Movement of the valve at various atrioventricular intervals was studied by cinefluorography in a patient with a Starr-Edwards mitral prosthesis, complete heart block, and a ventricular pacemaker. '7 This showed that valve closure preceding ventricular systole occurred at much shorter atrioventricular intervals (>100 ms). Our study also shows that this effect often occurs when the interval is set at 150 ms. This difference between the interval required for atrial contraction to produce mitral closure in paced patients and those required in sinus rhythm is due to the longer delay in the onset of systole with reference to the electrocardiogram (pacing spike and Q wave respectively) in paced patients. This additional delay, which is approximately 80 ms, means that the functional atrioventricular interval lasts 80 ms longer in paced patients than it does in patients in sinus rhythm with the same electrocardiographic PR interval. Therefore, theoretically, atrioventricular delay settings of 50-100 ms should be sufficient to maintain the normal intervals between atrial and ventricular contraction in paced patients.
These observations are of considerable practical importance. An atrioventricular interval of 150 ms is commonly used when programming VDD pacemakers because this is erroneously thought to correspond to the functional interval in sinus rhythm. Our 8. Although in this study we examined only the sequence of haemodynamic events in the left side of the heart, there is no evidence that the sequence in the right heart is essentially different. It This waste of time may be harmless at a normal heart rate and with a normal left ventricle because up to 80% of the left ventricular filling occurs during the initial rapid filling phase of diastole which lasts about 120 ms and the remaining 20% can easily be completed during diastasis and with atrial contraction. Elderly pacemaker patients, however, may have other cardiac abnormalities such as ischaemic heart disease or left ventricular hypertrophy that lead to disturbed left ventricular diastolic function. Seven of our 19 patients with VDD pacemakers had evidence of such abnormality with delayed mitral valve opening consistent with left ventricular relaxation abnormalities. In these circumstances the amount of left ventricular inflow during the early rapid filling period is reduced to 60% or less and thus the time available for left ventricular filling in late diastole becomes far more important and may determine the left ventricular end diastolic volume and stroke volume.
The wasted time in late diastole with long atrioventricular intervals also becomes important during exercise, particularly in the presence of abnormal left ventricular diastolic function when the heart rate increases and left ventricular filling time is reduced. Since left ventricular filling time is strongly dependent on cycle length, we analysed this relation in all groups (Fig. 7) . The regression equations were identical for the normal controls, patients with left bundle branch block, and VDD pacemaker patients with an atrioventricular interval of 50 ms. These equations show that theoretically left ventricular filling time would be zero at mean cycle length of 320 ms. The relation between cycle length and filling time was shifted downwards as atrioventricular intervals increased. Thus with an atrioventricular interval of 250 ms the cycle length producing a theoretical filling time of zero increases to 405 ms. Therefore longer atrioventricular intervals have an increasingly greater negative influence on filling time as heart rate increases. We conclude that a short atrioventricular interval of 50 or 75 ms in patients with VDD pacemakers is likely to promote more physiological conditions by maximising left ventricular filling time both at rest and on exercise. This is likely to be of particular benefit in the groups of patients who most need this type of pacemaker; the young who require high cardiac outputs at high heart rates and patients with impaired left ventricular diastolic function. 
